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Abstract
It is well recognized that microstructure controls the physical properties and thermo-mechanical behaviour of a material. The 
complexity of the microstructure often makes it very difficult to simulate the material behavior in cutting processes using analytical
or numerical modeling techniques. This paper presents a three-dimensional finite element approach to incorporate microstructure 
into micro cutting simulation based on the concept of a representative volume element (RVE) and constitutive material modeling.
For this purpose, the Lagrangian formulation proposed in the implicit FE code Deform 3DTM was applied. Micro drilling tests with 
solid carbide twist drills in differ - 1 mm) were performed on ferritic-pearlitic carbon steels C05, C45 and 
C75 for the verification of the developed 3D multiphase FE computation model. The microstructure-based 3D FE model was
successfully validated regarding chip formation, feed force, and torque. A realistic prediction of size effects identified in micro 
drilling tests could also be obtained.
© 2013 The Authors. Published by ElsevierB.V.
Selection and/or peer-review under responsibility of The International Scientific Committee of the 14th CIRP Conference on
Modeling of Machining Operations" in the person of the Conference Chair Prof. Luca Settineri
1. Introduction
The mechanics of the cutting process on the
microscopic level differ fundamentally from the 
conventional macro cutting. For example, the tool edge
radius influences the cutting mechanism in micro 
machining significantly with regard to the effective rake
angle, the minimum chip thickness, the dominance of 
ploughing and the related elasto-plastic deformation of 
the workpiece material [1-2]. These phenomena, known
as size effects, have a profound impact on the cutting 
forces, process stability, and resulting surface finish in 
micro cutting. Furthermore, the uncut chip thickness in 
size. Hence, the workpiece material cannot be assumed 
as homogeneous and isotropic. Especially micro cutting 
of multiphase materials results in varying cutting
mechanisms and associated process responses [3-6].
Microstructural effects in microscale cutting require
quite different assumptions concerning the underlying 
material behaviour and led to the need of new modeling
approaches. A popular tool to explain the effects of 
microstructure during micro cutting is the use of finite
element (FE) simulations. Due to the very complicated
cutting process at the microscale and the higher 
modeling effort, most developed FE models for micro
cutting heterogeneous materials are still limited at 
present to the two dimensional orthogonal cut and only
give a qualitative prediction of simple plane strain
cutting processes [7-10].
In this paper, a three dimensional multiphase finite
element model is developed for the simulation of micro 
drilling ferritic-pearlitic carbon steels considering the
microstructure of the workpiece material.
2. Multiphase 3D FE model of micro drilling
In this research work, a 3D thermo mechanically
coupled two-phase finite element model of the micro
drilling process has been developed by using the
commercial implicit FE code Deform-3DTM. The
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representation of tool and workpiece in the 3D FE 
simulation requires the input of geometrical, thermal and 
mechanical data. Since the geometry of the tool strongly 
influences the micro drilling process, the design of the 
selected micro drills has to be accurate. Only then, the 
FE model is able to predict real process behaviour 
during cutting. The micro drill geometries are designed 
with the CAD program SolidWorks, whereas the 
detailed geometric parameters of the tool are made 
available by the tool manufacture. The generated CAD 
models for the micro drills are then compared with the 
real micro drills. For more efficient computing, the 
volume of the modeled workpiece was selected as small 
as possible. The CAD models have been transferred into 
Deform 3DTM and meshed using 3D tetrahedron 
elements. After meshing the workpiece, the two-phase 
microstructure was generated using the developed 
multiphase 3D material model [11]. This material 
approach was developed based on the concept of RVE. It 
initially starts with a predefined FE mesh. The grain 
generation occurs randomly in consideration of the 
ferrite grain size and the ferrite - pearlite volume 
fractions. In the formulation of the FE material model, 
the microstructural data (phase volume fraction, ferrite 
grain size) and the constitutive description of the 
mechanical behavior of each phase, are needed. 
Exemplarily, the generated 3D two-phase FE models for 
micro drilling carbon steels C05 (1% Pearlite +99% 
Ferrite), C45 (60% Pearlite+40% Ferrite) and C75 (99% 
Pearlite +1% Ferrite) 
shown in Figure 1. 
 
Figure 1: 3D two-phase FE models for micro drilling ferritic-pearlitic 
carbon steels. 
In the FE computation, a gradient continuous auto-
remeshing can be used for generating the mesh of the 
workpiece. To minimize the interpolation error and to 
improve the convergence of the solution, the mesh 
density in areas with high gradients of plastic strain was 
increased. Because of the extensive computation time by 
continuous remeshing, the FE computation has to be 
started by the full contact of the cutting edge of the drill 
and the adjusted workpiece (see Figure 1). The micro 
drills are modeled as rigid. They have a constant mesh, 
which is finer at the cutting part of the tool to accurately 
calculate the temperature distribution within the tool. 
The cutting process in micro drilling is modeled as 
forming operation and the chip formation is simulated by 
continuous remeshing, so that no material fracture 
criteria are needed. 
2.1. Material model 
The materials used in this investigation are ferritic-
pearlitic carbon steels C05, C45, and C75 with different 
carbon contents ranging from 0.05% to 0.75% but 
otherwise similar composition of other alloying 
elements. The materials were hot drawn, shaved, ground, 
normalized and supplied as steel bars with a diameter of 
10 mm. The microstructure of carbon steels consists of 
ferrite and pearlite, where the volume fractions depend 
primarily on the carbon content. Pearlite is a lamellar 
structure consisting of two phases, namely ferrite and 
cementite. For this purpose, steel C05 was assumed to be 
purely ferritic and steel C75 to be purely pearlitic. In this 
 is characterized with 
respect to the volume fractions of the two structural 
constituents, ferrite and pearlite and the grain size of 
ferrite. The interlamellar spacing and the aspect ratio of 
pearlite are assumed to be the same for the investigated 
steels. The volume fractions of ferrite and pearlite of the 
steels were evaluated from micrographs and compared 
with the calculated values from the iron-carbon phase 
diagram. The determined volume fraction of pearlite in 
steels C05, C45, and C75 are 1%, 60%, and 99%, 
respectively, see Table 1. The average grain sizes of 
ferrite were measured using the intercept method and 
presented in Table 1. 
Table 1. Microstructural data. 






Grain size  
ferrite,  
 
C05 0.05 1 99 30 
C45 0.45 60 40 15 
C75 0.75 99 1 - 
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The thermo-mechanical behaviour of carbon steels used 
for the present work is described by means of the 
constitutive Johnson-Cook (JC) model. The JC model is 
a strain rate and temperature dependent visco-plastic 
material model [12], which describes the thermo- 
mechanical material flow behaviour (strain hardening, 
strain rate sensitivity, and thermal softening) over the 
entire strain rate and temperature range. The JC model 
uses the following equation for the equivalent flow 
stress: 
 








Where , , , and T represent the equivalent flow stress, 
the equivalent plastic strain, the plastic strain rate and 
the absolute temperature, respectively. The JC 
parameters n (strain hardening exponent), C (strain rate 
sensitivity coefficient) and m (thermal softening 
exponent) describe the thermo-mechanical material 
behaviour. The remaining JC material parameters are A 
(the initial yield stress), B (the hardening modulus), 
(reference strain rate), Tr (reference temperature) and Tm 
(melting temperature). 
To determine the JC equation parameters, uniaxial 
compression tests were performed on cylindrical 
specimens (Ø 4x4 mm) of each steel at different strain 
rates and temperatures. The compression tests with 
lower strain rates ( < 1 1 ) were carried out using a 
numerical controlled hydraulic testing machine. The 
high strain rate tests with > 1000 1 , were 
performed on a modified Split Hopkinson Pressure Bar 
(SHPB). In Table 2, the determined JC equation 
parameters A, B, n, C and m are listed for the carbon 
steels C05, C45 and C75. The reference parameters 
0 = 0.002 1/s, Tr = 20°C, Tm = 1500°C are specified. 
Table 2. The parameter values of the JC equationfor the carbon steels. 










C05 175 571 0.35 0.034 1.86 
C45 546 487 0.25 0.015 1.22 
C75 750 593 0.33 0.011 1.10 
 
In the two-phase FE material modeling process, the 
steels C05 and C75 were used to describe the thermo-
mechanical behaviour of the phases ferrite and pearlite, 
respectively. 
2.2. Boundary conditions 
The movement of the micro drill (rigid body with 
mesh) is specified by its translation and angular 
velocities in z-direction, while the workpiece 
(deformable) is constrained on the bottom and the round 
surfaces in the x, y, and z directions. Friction at the 
objects interfaces, tool-workpiece and chip-workpiece is 
governed by  = 0.2). For 
the thermal boundary conditions, conduction and 
convection of the generated heat are applied. The gap 
conductance and the thermal convection coefficient 
between two contacting surfaces are assumed to be 107 
W/m2K and 20 W/m2K, respectively. The workpiece and 
tool temperatures are initially set to room temperature 
(20°C). In order to adapt the energy balance in the 
modeled workpiece to the experiment, the temperatures 
of the nodes at the bottom and the round surfaces are 
kept constant at a value of 20°C. The implicit 3D 
simulation of the micro drilling process requires an 
enormous amount of CPU time. Therefore, parallel 
computing (2 x 3.2 GHz) is used. 
 
 
Figure 2: Ultra-precision micro machine tool. 
3. Micro drilling validation tests 
In order to validate the developed 3D multiphase FE 
computation model, experimental and computational 
micro drilling tests were carried out on the selected 
carbon steels C05, C45 and C75 using different drill 
diameters  - 1mm). The micro drilling tests 
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were conducted without the application of coolant on the 
ultra-precision CNC machining center KERN Evolution 
(see Figure 2: position accuracy 
spindle speed of 160,000 rpm) at a cutting speed of vc = 
35 m/min, feed f = 0.012·d and drilling depth of 2·d. 
The feed force Ff and the torque Mz were measured 
using a Kistler dynamometer 9256B (working range of ± 
250 N, response threshold of 2 mN) and a highly 
sensitive torque sensor Kistler 9329A (working range of 
± 1 Nm, response Nm). The measured 
mean values of feed force and torque during micro 
drilling C05, C45 and C75 are listed in Table 3. 
Table 3. Measured feed force and torque in micro drilling carbon steels 
C05, C45 and C75. 
Material Diameter, 
 




C45  100  0.65  0.027  
C45  200  2.0  0.202  
C45  300  4.5  0.553  
C45  400  7.3  1.196  
C45  500  11.3  1.446  
C45  600  14.3  2.811  
C45  800 21.4 5.850 
C45  1000 35.0 11.650 
C05  1000 37.3 15.4 
C75  1000 45.0 13.0 
3.1. FE model validation for C45 
In order to investigate the influence of the 
microstructure in micro drilling, two types of 
simulations were performed, one with isotropic material 
behaviour and the second one with the mixture material 
model discussed above. 
 
Figure 3: FE model validation - chip form in micro drilling C45 with 
d=1 mm. 
The validation of the mixture FE model for micro 
drilling using a drill diameter of d = 1 mm is represented 
in Figure 3. The predicted values of feed force and 
torque for the developed mixture model are in good 
agreement with the measured results (average deviation 
about 7%and 3% respectively). 
 
On the contrary, the deviation by the isotropic model, 
which takes no influence of the microstructure into 
account, is about 20%, see Figure3 (b). A realistic 
prediction of the chip form was also obtained with the 
developed 3D multiphase FE model, as illustrated in 
Figure 3 c). Scanning electron microscope SEM pictures 
show micro holes on the deformed chip, see Figure 3 c). 
These holes could be attributed to the size of uncut chip 
thickness which was on the same order as the harder 
pearlite grains. This size effect could be reproduced by 
means of the multiphase FE model, see Figure 3 d). 
To compare the obtained micro drilling results of this 
work with earlier macro drilling tests (d =1 - 3 mm and 
the same twist geometry) in the normalized steel C45 
[3], the related feed forces and torques to the cross 
section of the uncut chip (d·f/2) are plotted versus the 
drill diameters  
 
 
Figure 4: FE model validation - feed force and torque in micro drilling 
C45. 
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A higher increase of the related feed force was 
observed by down scaling the drill diameter into the 
micro range, see Figure 4 a). This size effect on the 
related feed force can be attributed to the exponential 
growth of the ratio of chisel edge length to drill diameter 
in the micro range, as shown in Figure 4 b). The 
technical qualified increase of the part of the chisel edge 
of micro drills is to ensure the rigidity and stability of 
the tool. However it leads to a significant influence on 
the micro drilling process reactions. The related torque 
behaves proportionately to the drill diameter in the micro 
range like in the case of the conventional macro drilling. 
The predicted results with the mixture FE drilling model 
for  measured 
results (average deviation less than 10%, see Figure 4). 
On the contrary, the deviation by the isotropic model is 
up to 30%. In this respect, the developed two-phase FE 
model for micro drilling can realistically predict the size 
effect of chisel edge length on the related feed force. 
3.2. FE model validation for C05 and C75 
To show the robustness of the microstructure-based 
3D FE Model, simulations of micro drilling the ferritic 
steel C05 and pearlitic steel C75 with a drill diameter of 
d = 1 mm were performed. Figure 5 shows the computed 
and measured feed force Fv, cutting torque T and chip 
form for both C05 (a) and C75 (b). With a deviation less 
than 10%, the predicted values of the feed force and 
torque show a good agreement with the measured 
results, as presented in Figure 5. Furthermore, the 
developed multiphase FE model realistically describes 
the chip form, whereby, the deformed chip of C05 is 
thicker than in the case of C75 due to the higher ductility 
of C05 compared to C75. 
 
 
Figure 5: FE model validation  chip form, feed force and torque in 
micro drilling C05, C75 (d = 1 mm, vc  
 
4. Summary 
In this paper, a 3D multiphase FE computational 
model is developed based on the concept of a 
representative volume element and constitutive material 
modeling. The model is successfully validated for micro 
drilling ferritic pearlitic carbon steels C05, C45 and C75. 
The main tasks and the significant findings of this 
investigation can be summarized as follows:  
 
 Microstructure morphology of the selected 
carbon steels is experimentally evaluated 
 JC equation parameters are determined for the 
investigated carbon steels by means of the Split-
Hopkinson-Pressure-Bar-Test 
 For the multiphase FE simulation of micro 
drilling in C05, C45 and C75, 3D microstructure 
models are generated for each steel 
 Different size effects identified in micro drilling 
test were predicted successfully with the 
developed multi-phase FE model 
 A realistic prediction of the chip formation could 
be obtained by the microstructure-based FE 
Model 
 FE computation of feed force and torque are 
improved by > 60% compared to the isotrpic 
model. 
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